Nucleoside triphosphate diphosphohydrolase -NTPDase1 (apyrase, EC 3.6.1.5) was modeled based on sequence homology. The single polypeptide chain of apyrase is folded into two domains. The putative catalytic site with the apyrase conserved regions (ACR 1-5) is located between these two domains. Modeling confirmed that apyrase belongs to the actin superfamily of proteins. The amino acids interacting with the nucleoside triphosphate substrate and probably involved in the catalyzed hydrolysis were identified. The proposed two-step catalytic mechanism of hydrolysis involves Thr127 and Thr55 as potential nucleophilic factors responsible for the cleavage of the Pγ and Pβ anhydride bonds, respectively. Their action seems to be assisted by Glu170 and Glu78 residues, respectively. The presence of two nucleophiles in the active site of apyrase explains the differences in the hydrolytic activity between apyrases and other enzymes belonging to the NTPDase family.
INTRoDuCTIoN
At least three groups of enzymes regulate the levels of cellular and extracellular nucleotides and nucleosides: nucleoside triphosphate diphosphohydrolases (NTPDases), pyrophosphatases/phosphodiesterases (NPPases), and alkaline phosphatases. The first group hydrolyzes only compounds with pyrophosphate bonds. Enzymes belonging to the two latter groups hydrolyze anhydride or ester bonds of nucleotides. Therefore, depending on the group of enzymes, the products of the catalyzed reaction might be either orthophosphate or pyrophosphate ions and the corresponding nucleoside monophosphate (NMP), nucleoside diphosphate (NDP) or nucleoside (Robson et al., 2006) . High diversity of enzymes degrading nucleotides indicates the physiological importance of mechanisms controling nucleotide concentration. All NTPDases belong to the sub-class of ATP diphosphohydrolases (EC 3.6.1). These enzymes might be either soluble (Oses et al., 2004) or bound to the membranes. The catalytic site of enzymes occurring in the plasma membranes or in membranes of subcellular structures is located at the extracytoplasmic side of the membranes (Hanada & Guidotti, 1996; Robson et al., 2006) . In literature apyrases are classified as NTPDases1 based on their similar velocity of the ATP and ADP hydrolysis.
NTPDases are a structurally and catalytically homogeneous group of enzymes. Genes encoding these proteins have been found in vertebrates, invertebrates, plants and protozoans. The sequence identity among mammalian NTPDases varies between 24 and 96%, while the identity between apy-A. Kozakiewicz and others rases (ATP diphosphohydrolase -EC 3.6.1.5) from pea or potato and mammalian NTPDases is only 23-24% (Lavoie et al., 2004) . These two groups of enzymes seem to have evolved from a common ancestor, but have separated at an early stage of evolution (Lavoie et al., 2004) . Five characteristic apyrase conserved regions (ACR) are found in the sequences of NTPDases . Mutagenesis data show that these motifs are involved in substrate recognition, binding and hydrolysis (Kirley et al., 2006) . NTPDases reveal a low substrate specificity, hydrolyzing purine and pyrimidine nucleoside di-and triphosphates. This might be explained by their high similarity in the ACR regions. However, different NTPDases hydrolyze nucleoside di-and triphosphates with different velocity (Kukulski & Komoszyński, 2003; Kukulski et al., 2005) . No consistent relations has been found between the residue mutations in ACR and the NTP or NDP preferences in the NTPDase family of enzymes (Robson et al., 2006) .
The catalytic mechanism of ATP diphosphohydrolases is unclear. These enzymes, like potato apyrase (NTPDase1), hydrolyze ATP and ADP with similar velocities. The K sh value, which is the ratio of ATP to ADP hydrolysis velocities, is between 1 and 0.5 (Komoszyński & Wojtczak, 1996; Kukulski & Komoszyński, 2003; Kukulski et al., 2005) . There are two general models of ATP hydrolysis. In the first model, ATP and ADP are hydrolyzed by the same domain of apyrase. The second model is based on the assumption that ADP produced in one active site is redirected to the other site and then hydrolyzed to AMP. The first model is supported by results of kinetic research on these enzymes. Hydrolysis of ATP or ADP by ENTPDase1 results in AMP and 1 or 2 P i ions even after very short time. The K M for ATP and ADP are equal (Kukulski & Komoszyński, 2003) . The second model was excluded by results of hydrolysis of an ATP-ADP mixture with the starting ATP concentration approximately 10 3 times higher than that of ADP (Kukulski & Komoszyński, 2003) , still leading to the immediate production of AMP. Such a mechanism would require a very high enzyme affinity for ADP and a low affinity for ATP, in contradiction to the determined K M values. Also, the high catalytic activity of apyrase (Hanada & Guidotti, 1996) and the non-additive hydrolysis of ATP and ADP in equimolar concentrations (Kukulski et al., 2005) oppose such a mechanism. So far there is no report on the catalytic mechanism of apyrase at the molecular level.
Determination of the tertiary structure of NTPDases might give an insight into the catalytic mechanism of these enzymes. It was reported that these nucleotidases belong to the actin/Hsp70/sugar kinase superfamily of proteins . Therefore, the enzymes belonging to that superfamily might be structural templates for building an apyrase model. Lately, a theoretical model of human NTPDase3 was obtained based on the exopolyphosphatase 1T6C template (Ivanenkov et al., 2005) . The aim of the reported research was to construct a 3-dimensional model of apyrase based on the sequence homology to members of the actin superfamily, and to propose a reaction mechanism based on the location of residues potentially involved in catalysis.
METhoDs
The potato apyrase sequence derived from the corresponding cDNA sequence (Hanada & Guidotti, 1996) was used for similarity analysis carried out via the Fold Recognition Meta-Server http:// www.genesilico.pl/meta (Kurowski & Bujnicki, 2003) , which uses freely available services for protein secondary structure prediction and fold recognition, among them MGENTHREADER (McGuffin & Jones, 2003) and PSI-PRED (Jones, 1999) . Only one sequence -PPX/GPPA exopolyphosphatase (Kristensen et al., 2004) -was chosen as the principal modeling template due to the highest score given consistently by all fold recognition services and significant score values allowing homology prediction. In particular, the similarity scoring function calculated with MGENTHREADER was 0.958 and indicated a reliable sequence alignment. Kristensen et al. (2004) described two structures of that exopolyphosphatase in an open and closed conformation (PDB codes: 1T6C and 1T6D, respectively). The rms difference between those structures is 0.64 Å, as calculated for 303 Cα positions. Modeling of the 3-dimensional structure of NTPDase1 was performed based on both these structures. The PPX/GPPA exopolyphosphatase also belongs to the actin superfamily (Kristensen et al., 2004) . The sequence alignments produced by other servers (FFAS, FUGUE) (Rychlewski et al., 2000; Shi et al., 2001) were similar to that obtained with MGENTHREADER.
Potato apyrase is larger than PPX/GPPA exopolyphosphatase due to the presence of some long insertions (Met1-Glu42, Glu224-Arg296 regions) that are absent in the template structure. The Met1-Glu42 region was modeled using the Arg8-Lys47 N-terminal fragment of ribosomal protein S15 (Clemons et al., 1998) (PDB code: 1A32) . This protein was chosen based on similarity of the secondary structure and subsequent sequence-sequence alignment with T-coffee (Notredame et al., 2000) . A large insertion (Glu224-Arg296) occurs in the position corresponding to sub-domain 4 of exopolyphosphatase (Fig. 1 ). An analogous domain with a similar length but low NTPDase1: an insight into the catalytic mechanism sequence similarity was found in other proteins of the actin superfamily. Among those, hexokinase 1CZA (Aleshin et al., 2000) revealed both ends of the domain positioned similarly to those expected for the apyrase model based on the 1T6C/1T6D structure, with the secondary structure resembling that predicted for apyrase with PSI-PRED. Therefore the 312-372 fragment of hexokinase 1CZA was aligned with the T-coffee program and selected as a template for modeling of that apyrase stretch. The constructed apyrase molecule was modeled with the MODELLER program (Fiser et al., 2000) . A hybrid model was created from fragments of preliminary models taking into account the score for each amino acid calculated by the PROSA program (Sippl, 1993) . That hybrid model was superimposed onto the template (1T6C/1T6D structure). Based on this superposition, a target-template sequence alignment was inferred and used for building a new model with MODELLER. Each time the template structure was included in the modeling procedure. The quality of the new interim models was re-evaluated using PROSA and PROCHECK (Laskowski et al., 1993) programs and the alignments were improved by shifting regions with unsatisfactory PROSA scores. The regions with positive PROSA scores belonged mostly to the two long insertions mentioned above and some loops on the protein surface. During the modeling procedure, the five ACR regions were strictly conserved. The improved alignments were used for building new generation models. Only one region at a time was shifted to avoid the interference of effects from different parts. At this stage additional informations about secondary structure, placement of insertions and deletions in loops, as well as conservation of residues (five ACR regions) of the reference exopolyphosphatase were taken into account to verify the robustness of the model. The improved models were again evaluated using PRO-SA and PROCHECK programs and the whole procedure was repeated until all regions had a negative PROSA score, reflecting preferable interactions with The ACR regions in apyrase are underlined, while residues indicated by modeling as important for the catalytic activity of apyrase are shaded. Additional lines (in italics) below the sequence of apyrase indicate the sequence fragment for S15 protein fragment (PDB code 1A32, residues 8-47) for the N-terminal stretch and the hexokinase domain (1CZA, residues 312-372) similar in fold to domain 4 of NTPDase1 with their PDB code. Their alignment was made based on the predicted secondary structure, since the sequence similarity to that of NTPDase1 is low. 
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the surrounding residues and good stereochemistry. The model obtained with 1T6D had a better PROSA score and conformation of the polypeptide chain as determined with PROCHECK. Verification of stereochemistry of the apyrase model based on 1T6D with PROCHECK gave 88.9% of residues in the most favorable regions of the Ramachandran plot, while the remaining 11.1% residues were in the allowed regions. The corresponding statistics for the model based on 1T6C was 85.9/14.1%. Therefore, the reported model of NTPDase was based on 1T6D as the primary template (Kristensen et al., 2004) . The final sequence superposition used for constructing the model is shown in Fig. 1 . The manual shifts relative to the MGENTHREADER results are reflected in the alignment as gaps occurring at positions 293, 353, 435 and 442. Superposition of the reported apyrase model with the structures of proteins belonging to the actin superfamily allowed the position of ATP and the metal ion to be identified. The ATP ligand and the Ca 2+ ion were built into the model based on a superposition with actin-ATP complexes (Kabsch et al., 1990) . The model of the apyrase-ATP-Ca 2+ ternary complex was then subjected to simulated annealing molecular dynamics (SA MD) minimization using the CHARMM force field as implemented in the CNS program package (Brűnger et al., 1998) . Finally, water molecules were added with the VMD program (Humphrey et al., 1996) and the model was minimized with the NAMD program, using the CHARMM27 force field (Phillips et al., 2005) . Figures of the molecule were prepared with MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merritt & Bacon, 1997) .
REsulTs AND DIsCussIoN
The PROSA (Sippl, 1993) score was negative for most of the final model of potato apyrase, which indicates its correctness (Fig. 2) . The only section of the initial model with a positive score corresponded to the highly hydrophobic fragment at the N-terminus (residues 1-40). That N-terminal fragment was identified as an apparent trans-membrane domain using PFAM (Bateman et al., 2004) and included into initial modeling. However, Handa and Guidotti (1996) interpreted that fragment as a signal peptide. Therefore we excluded it from the final model of NTPDase 1. The rms difference between the template 1T6D structure and the reported model of potato apyrase, shown in Fig. 3 , is 1.22 Å calculated for 268 positions of Cα atoms.
The overall structure of apyrase molecule
The structure of potato apyrase is similar to structures of proteins belonging to the actin superfamily (Hanada & Guidotti, 1996; . Therefore, the domain numbering in Fig. 3 is analogous to that used in actin (Schüler, 2001 ). The molecule is built of four sub-domains assembled to form two domains of the ribonuclease H architecture (mixed five-stranded β-sheet and four or five α-helices; PROSITE documentation entry PDOC50879) (Yang et al., 1990) . These domains are separated by the central cleft which contains the active site in actin and related proteins. Similar to the template exopolyphosphatase, the apyrase molecule has a central helix (residues 167-185) which corresponds to the ACR3 region. In exopolyphosphatase, that re- Fragments of the apyrase molecule having no equivalents in the 1T6C template structure are colored red. The subdomain numbering is analogous to that used for actin (Schüler, 2001) . 1T6C vs. 1T6D) in the open and closed conformations of the enzyme (Kristensen et al., 2004) , changes interpreted as part of the enzymatic mechanism (Kirley et al., 2006) .
NTPDase1: an insight into the catalytic mechanism
The major difference between the reported apyrase model and exopolyphosphatase is sub-domain 4. In 1T6D, that sub-domain consists of very few amino acids (residues 167-174). In apyrase it comprises a large fragment (residues 224-296), with only low sequence similarity to other proteins of the actin superfamily. The function of sub-domain 4 in apyrase is unknown. In actin, the corresponding domain 4 and domain 2 are involved in formation of a complex with DNase1 (Kabsch et al., 1990) , while in Hsp70 they interact with the BAG co-chaperone (Sondermann et al., 2001) . Ecto-apyrases are transmembrane proteins and some of them reveal sequence similarity to cell adhesion molecules (Auryvilius et al., 1990; Komoszyński & Wojtczak, 1996) . Therefore, one might hypothesize that these domains of apyrase, positioned on the opposite side of the molecule than the potential trans-membrane Nterminal fragment, might be involved in interactions with other proteins.
The tertiary and quaternary structure of extracellular proteins is frequently stabilized by disulfide bridges. The theoretical model of human NTPDase3 and mutagenesis data indicated the presence of five disulfide bridges, crucial for the enzymatic activity (Ivanenkov et al., 2005) . The architecture of the apyrase model reported here and that of NTPDase3 are almost identical. The apyrase model was built with no explicit constraints for the disulfide bridge formation. Out of the eight Cys residues present in potato apyrase, three cannot form any disulfide bridge due to their position in the molecule (Cys267, Cys272 and Cys437). The pair of Cys311 and Cys316 is located within the same α-helix, but being separated by four other residues, they could barely form a disulfide bridge (Fig. 4) . The other three Cys residues (Cys297, Cys371 and Cys394) are located near each other and two possible bridges Cys371-Cys297 or Cys371-Cys394 could be formed. However, all Cys residues in apyrase are distant from the putative catalytic site and the potential formation of disulfide bridges should not affect the overall architecture of the molecule. Therefore, the apyrase model indicates they would not affect significantly the catalytic activity of apyrase. That conclusion is consistent with the reported insensitivity of the enzymatic activity of plant apyrases to SH group reagents (Komoszyński, 1996) .
structural elements possibly related to catalytic activity
In general opinion, the ACR regions should coincide with the catalytic center due to their conservation in apyrases. The differences in the active site residues should explain the observed differences in the enzymatic activity. Therefore, we compared the model structure and the ACR location with those reported for proteins of known crystal structuresactin, Hsp70 and PPX/GPPA exopolyphosphatase.
The ACR regions identified for the potato apyrase (Hanada & Guidotti, 1996) , as well as the regions expected to be involved in the apyrase activity and corresponding to the Serano motifs of ATPases (Komoszyński & Wojtczak, 1996) , constitute the putative active site in our model (Fig. 4) . They correspond to the ACR location in the exopolyphosphatase 1T6D and NTPDase3 (Ivanenkov et al., 2005) . Such an architecture suggests the mechanism of ATP and ADP hydrolysis in a single catalytic site.
The ACR1 fragment was reported to be responsible for phosphate binding (Kristensen et al., 2004) and possibly involved in hydrolysis of the respective pyrophosphate bond. In the apyrase model, the ACR1 and ACR2 fragments are located near the putative active site and are involved in the interactions with the metal ion and the substrate. The fragment corresponding to apyrase ACR3 is involved in the metal positioning interactions and is reported to be important for the hydrolytic process in actin The central cleft contains the putative catalytic site with ATP and Ca 2+ displayed in positions achieved after the CHARMM force field optimization with the simulated annealing molecular dynamics protocol. Cysteine residue positions are indicated by black spheres. The N-and Ctermini are also labeled. The sub-domain numbering is analogous to that used for actin (Schüler, 2001) .
A. Kozakiewicz and others and Hsp70 (Wilbanks et al., 1994; Sriram et al., 1997) . The role of the conserved ACR4 region in enzymes belonging to the actin superfamily is to bind the β phosphate. That ACR was reported to participate in metal binding and to contain the hydrolytically active residues in actin (Vorobiev et al., 2003) and human brain ecto-apyrase HB6 .
The apyrase C-terminal fragment contains the ACR5 region (residues Ala431-Ile439) and is part of the active site. The superposition reveals that the position of this fragment is different between the apyrase model and 1T6D, but their position relative to other ACRs is the same in both structures. It is difficult, however, to make a reasonable interpretation of that shift since in 1T6D the C-terminal fragment is much shorter than in apyrase. In the apyrase model the helix with ACR5 is followed by a fragment in β conformation, which enforces the shift of the helix. The conformational change is also due to the 12 amino-acid insertion prior to that helix. On the other hand, the position of Trp433 of ACR5 is identical to that of the corresponding Trp295 of 1T6D. That residue was reported to be an important part of the nucleotide-binding pattern in NTPDase3.
Metal site
In the actin superfamily, the hydrolytic activity and the substrate specificity are regulated by the kind of the metal ion bound in the active site. The apyrase activity is also modulated by divalent metal cations. The major role is reported for Ca 2+ and Mg 2+ . It was found that calcium enhances the ADPase activity while magnesium enhances the ATPase activity of Solanum tuberosum apyrase, therefore affecting the K sh ratio of that enzyme (Komoszyński & Wojtczak, 1996) . Binding of Mg 2+ ions is reported to cause a 20-fold increase in the ATPase activity of actin compared to that in the presence of Ca 2+ (Schüler et al., 1999; Schüler, 2001) . That clearly indicates a similarity in the catalytic mechanism between actin and apyrase. Since the architecture of the active site in the actin and Hsp70 ATPase is similar, it seems probable that similar residues could be involved in the metal binding by apyrase (Wilbanks et al., 1994) .
In the apyrase model reported here, the residues involved in the metal binding are Glu170, Asp51 and Asp197 (Fig. 5) . Their distances to the metal ion in apyrase are between 4 and 7 Å, and those interactions are mediated by the coordinated water molecules. Both the structural reports and mutagenesis data showed that in the actin superfamily the metal ions are bound to the carboxylic groups of the conserved residues (Wilbanks et al., 1994; Vorobiev et al., 2003) ( Table 1 ). In apyrase, the relative position of the metal ion and ATP is similar to those reported for the actin or Hsp70 structures. In all these structures the metal ion either directly coordinates the β and γ phosphates of ATP, or participates in the ATP positioning via a network of H-bonds involving water molecules of the metal coordination sphere. Such metal position also maintains the conformation of the triphosphate moiety required for hydrolysis. Therefore, any substitution of the amino Table 1 . Amino-acid residues hypothetically involved in the catalytic action of NTPDase1 and their equivalents in enzymes belonging to the actin superfamily.
The apyrase residues are identified by a least-squares superposition of the corresponding crystal structures with the apyrase model reported in this paper.
Location of the residue
Glu148 Asp141 
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acids contacting the metal ion in apyrase should affect the enzyme activity by changing the affinity of the metal site or by influencing the Me 2+ position within the active site.
hypothetic mechanism of ATP hydrolysis by apyrase
The mechanism of the catalytic hydrolysis of ATP has been studied for different members of the actin superfamily, but there are no reports on the possible mechanism of the reaction catalyzed by apyrase at the molecular level. Analysis of literature reports suggests that there is no single universal mechanism for these enzymes. However, a comparison of different enzymes superimposed on the apyrase model enables some suggestions to be made for the possible molecular basis of the apyrase catalytic mechanism.
According to the mechanism proposed for actin, the cleavage of the γ phosphate is due to the activation of the nucleophilic water or a hydroxyl ion by His161 (ACR4 region) and its positioning by Gln137 (Vorobiev et al., 2003) . In the apyrase model, Gln204 and Glu170 corresponding to the actin residues (Table 1) are distant from the ATP position and could not be involved in direct interactions with the potential nucleophile required for the Pγ cleavage or further conversion of ADP to AMP. Therefore, the mechanism of apyrase action seems to be different from that suggested for actin. On the other hand, Glu170 in our model is involved in interactions with the metal cation, and might be important for the apyrase activity.
Another possible mechanism of the apyrase action might be similar to that suggested for Hsp70 ATPase. That mechanism is based on the activation of the nucleophilic water by Lys71, which is H-bonded to Glu175 (Sriram et al., 1997; Sousa & MacKay, 1998) , and its attack on γ phosphate of ATP. The participation of both these residues in the mechanism is confirmed by mutagenesis data (Wilbanks et al., 1994; O'Brien et al., 1996) . In apyrase, the corresponding residues are Thr127 and Glu170 (Table 1) . At pH 6.5, optimal for apyrase, that threonine might play a role of the nucleophile activator, enhanced by the interaction with Glu170. However, their position is not appropriate for cleavage of the β phosphate moiety. Since apyrase hydrolyzes both ATP and ADP to adenosine monophosphate and inorganic orthophosphate ions, that site cannot be the only one taking part in the reaction, unless the enzyme molecule undergoes a dramatic conformational re-arrangement between the first and second step of ATP hydrolysis.
The apyrase model suggests another possible mechanism of hydrolysis. Two polar residues of ACR1, Ser54 and Thr55, are positioned near γ and β phosphates of ATP, respectively. Both these residues might participate in the ATP conversion to AMP, either by activation of the catalytic water molecule or with the formation of phosphorylated intermediates. The cleavage performed by Ser54 would produce ADP, which in turn would be further hydrolyzed with Thr55 involved (Fig. 6) .
The participation of Ser54/Thr55 in the catalysis would explain the dual activity of apyrase in a satisfactory way. There are experimental data indicating the importance of these residues for ATP hydrolysis. The S57A substitution of the Ser54 analogue in CD39 (Drosopoulous et al., 2000) is reported to increase the ADPase activity and decrease the ATPase activity of CD39 apyrase. The mechanism involving Ser54 would require the presence of additional residues assisting in the nucleophile activation, but our model does not reveal any such residue near its side chain. Formation of two phosphorylated species on Ser54 and Thr55, and subsequent release of two orthophosphates would explain the differences between the activity of apyrase and other members of the actin superfamily. There is no direct evidence of the formation of the phosphorylated intermediates during hydrolysis catalyzed by potato apyrase. However, a sequence comparison to the Serano motifs of ATPases suggested possible phosphorylation sites, including ones in the ACR1 conserved region (Komoszyński & Wojtczak, 1996) .
The mutagenesis data indicated that in actin and Hsp70 the residues equivalent to Ser54 are involved in the ATP binding rather than in the hydrolysis. In Hsp70, Thr13 and Thr14 are located almost identically to the apyrase residues 54 and 55 mentioned above. However, substitution of Thr13 did not change the hydrolytic activity of Hsp70 ATPase (Sousa & MacKay, 1998) . Therefore, in that enzyme the side chain of Thr13, located near the triphosphate moiety of ATP, seems to be involved only in the ATP positioning. In actin the pair Ser14/ Gly15 corresponds to the apyrase Ser54/Thr55. The S14A or S14C variants reveal normal hydrolytic activity (Chen & Rubenstein, 1995; Schüler et al., 1999) . Therefore, Ser14 does not play a role of the primary nucleophile and actin has only the ATPase activity. Based on the similarity of these enzymes, one might expect that the apyrase Ser54 would also be only responsible for positioning of ATP in the catalytic site.
The second residue, Thr55, is positioned between the β-and γ-phosphate moieties of ATP and could participate in the cleavage of the Pβ bond. There is Glu78 which might cooperate with Thr55 in that hydrolysis (Fig. 6) . Biochemical data do not reveal the presence of pyrophosphate among the products of enzymatic conversion of ATP by apyrase (Komoszyński & Wojtczak, 1996) . The orchestrated action of apyrase Ser54 and Thr55 would be consistent with the detected AMP and orthophosphate ions as the only products of the catalyzed reaction. An alternative explanation might be the participation of Thr55 in a two-step hydrolysis with a nucleophilic attack on both phosphates. If Thr55 is the only catalytic nucleophile, pyrophosphate should be detected, unless there is a strong preference to cleave the γ-phosphate first. However, such a single-nucleophile mechanism with Thr55 should be excluded, since potato apyrase hydrolyzes ATP and ADP with similar velocity (Komoszyński & Wojtczak, 1996; Kukulski & Komoszyński, 2003) . Consequently, there should be a two step mechanism of ATP to AMP hydrolysis by apyrase. In Hsp70, Thr14 occupies the position equivalent to apyrase Thr55 and might play a similar role. The residual ADPase activity reported for Hsp70 (Mayer & Bukau, 2005) seems to be consistent with the hypothetical involvement of apyrase Thr55 in the hydrolysis. On the other hand, in actin the corresponding Gly15 cannot participate in the hypothetical hydrolysis of β phosphate.
Superposition of the NTPDase3 (Ivanenkov et al., 2005) and apyrase models explains the reported differences in the substrate specificity of these enzymes. Apyrase (NTPDase1) hydrolyzes ATP and ADP equally efficiently, while NTPDase3 reveals an approximately 3-fold preference for ATP over ADP. In both molecules, the regions suggested by the apyrase model as being responsible for the Pγ cleavage are identical, with Ser54, Thr127 and Glu170 of NTPDase1 corresponding to Ser65, Thr139 and Glu182 in the NTPDase3 model, respectively. However, the residues responsible for the β-phosphate hydrolysis in apyrase are Thr55 and Glu78, while in NTPDase3 their structural equivalents are Ser66 and Cys92, respectively, and there is no functional equivalent of apyrase Glu78 near the position of Ser66 in NTPDase3. This seems to explain the less efficient hydrolysis of ADP by NTPDase3, when compared to apyrase. That conclusion is consistent with the mutagenesis data summarized by Kirley et al. (2006) and further supports the theoretical model of apyrase reported here and the proposed mechanism of apyrase action.
The NTPDase1 model reported here suggests a mixed enzymatic mechanism consisting of elements analogous to those suggested for Hsp70, and the Thr55 involvement described above. In the first step the Pγ cleavage would be performed by the Thr127…Glu170 pair, while the subsequent hydrolysis of the β-phosphate would be performed by the Thr55...Glu78 pair. In our model, all these residues are positioned appropriately for conducting such reactions (Fig. 6) . Although the detailed mechanism of the ATPase activity of apyrase (Thr127 or Ser54) is unclear, the reported model gives the structural basis for explanation of its ADPase activity. The two-step mechanism derived from the apyrase model indicates different sets of residues involved in the cleavage of γ-and β-phosphate moieties. Such a model is consistent with the experimental data on both mutagenesis and the products of the ATP conversion. The mechanism proposed here also explains the differences in the catalytic activity between members of the actin superfamily.
CoNClusIoNs
The consistency of the homology modeling results with the available activity data confirm that potato apyrase belongs to the actin superfamily. The molecule consists of two domains having the ribonuclease H architecture. The ACR position suggests that the central cleft of the molecule contains the NTPDase1: an insight into the catalytic mechanism active site of the enzyme. The structure of the catalytic cleft shows the position of ATP and the metal ion binding interactions, both consistent with the biochemical data on apyrases. The reported model is consistent with the available experimental data on the activity of actin, Hsp70, enzymes from the NTPDase group, and their variants. The model explains the differences in the catalytic activity between apyrases and ATPases and reveals residues that could participate in the hydrolysis of ATP to AMP. The most probable mechanism of Pγ cleavage would involve a water molecule activated by the Thr127... Glu170 pair of residues (equivalent to Hsp70 Lys71... Glu175). Another pair Thr55...Glu78 would participate in the Pβ cleavage. The reported model supports the hydrolytic mechanism based on a single active site. Another interesting option would be a mechanism based on the nucleophilic attack assisted by Ser54 and subsequently by Thr55, which would not require any major conformational adjustments in the active site and would be consistent with the reported lack of pyrophosphate among the reaction products. The model points out to Glu170, Asp51 and Asp197 as residues involved in positioning the metal ion required for the catalytic activity of apyrase. The hypothesis on the involvement of all the mentioned residues in the catalysis, derived from the position similarity to the active residues of other enzymes, is consistent with the available mutagenesis data.
